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The United States continues to be a prime target for attack by terrorist organizations in which nuclear detonation and dispersal of radiological material are legitimate threats. Such attacks could have devastating consequences to large populations, in the form of radiation injury to various human organ systems. One of these at risk organs is the cutaneous system, which forms both a physical and immunological barrier to the surrounding environment and is particularly sensitive to ionizing radiation. Therefore, increased efforts to develop medical countermeasures for treatment of the deleterious effects of cutaneous radiation exposure are essential. Interleukin-12 (IL-12) was shown to elicit protective effects against radiation injury on radiosensitive systems such as the bone marrow and gastrointestinal tract. In this article, we examined if IL-12 could protect the cutaneous system from a combined radiation injury in the form of sublethal total body irradiation and beta-radiation burn (b-burn) directly to the skin. Combined radiation injury resulted in a breakdown in skin integrity as measured by transepidermal water loss, size of b-burn lesion and an exacerbated loss of surveillant cutaneous dendritic cells. Interestingly, intradermal administration of IL-12 48 h postirradiation reduced transepidermal water loss and burn size, as well as retention of cutaneous dendritic cells. Our data identify IL-12 as a potential mitigator of radiation-induced skin injury and argue for the further development of this cytokine as a radiation countermeasure. Ó 2015 by Radiation Research Society
INTRODUCTION
There is a legitimate threat of both intentional (bioterrorism) and/or accidental (industrial catastrophe) dispersal of radiologic material where a significant portion of the population could be exposed to damaging amounts of ionizing radiation (1) . This type of radiation exposure can seriously compromise the wellbeing of individuals depending on their location and radiation dose, and the resulting biological effect is often referred to as acute radiation syndrome (ARS) (2, 3) . This syndrome is predominately dependent on four particular organ systems that have the greatest acute sensitivity to radiation: the neurovascular, hematopoietic, gastrointestinal and cutaneous systems (4) . The combined radiation effect on these systems can lead to multi-organ failure and/or death (2) .
Cutaneous radiation syndrome (CRS) is a general term to describe the biological effects of ionizing radiation on the skin (5) (6) (7) (8) . CRS has been documented globally in all major radiation accidents over the last 15 years (5), with many deaths resulting from a lack of management of radiationinduced cutaneous damage (7, (9) (10) (11) . The degree of radiation-mediated skin injury depends on the type, dose and quality of radiation (2, 4, 7) . CRS most often presents as distinct stages of acute distress (erythema, blistering, pigmentation changes, dry/moist desquamation) followed by chronic disorders (fibrosis, necrosis, ulceration) (5, 7, 12) . In essence, radiation exposure can compromise a hallmark feature of the skin: its protective barrier function.
The skin functions as a physical and immunological barrier against the surrounding environment. It is comprised primarily of two layers: the epidermis and the dermis. The epidermis is made up of stratifying layers of keratinocytes, which undergo differentiation to form the outermost layer called the stratum corneum (8, 13) . The epidermis is the primary physical barrier and prevents both water loss and the entry of foreign substances (13) . A disruption of the skin's physical barrier can be measured by an increase in transepidermal water loss (TEWL) (14) and can often be indicative of enhanced susceptibility to infection or disease (15) (16) (17) (18) . In addition to the physical barrier, a distinct subset of immune cells, called cutaneous dendritic cells (cDCs) are located within the skin and form a dense immunological barrier that protects against invasion and dissemination of pathogens (8, 19) . The cDCs can be further divided into two populations based on their anatomical location within the skin. Langerhans cells (LCs) are located in the epidermis, whereas interstitial dendritic cells (iDCs) are present in the dermis (8) . Collectively, the physical and immunologic barriers contribute to the maintenance of skin integrity. Previous data have demonstrated that radiation exposure results in increased water loss (14) and depletion of cDCs (20) suggesting a breakdown of both the physical and immunological barriers. Because the loss of skin barrier function can have dire consequences, significant effort is being devoted to identify therapeutic mitigators that would preserve these cutaneous barriers from the deleterious effects of radiation exposure.
There is recent evidence suggesting that reversing the damaging effects of radiation exposure within the skin might actually help prevent multiple organ failure (7) . One product that may act as a mitigator to radiation injury is interleukin-12 (IL-12) (21-24), which is a cytokine primarily produced by monocytes, macrophages and DCs and classically thought to be involved in the development of cell-mediated immunity (25, 26) . IL-12 is composed of two subunits, IL-12p35 and IL-12p40 that associate to form the bioactive molecule IL-12p70, which binds to the heterodimeric receptor made up of IL-12R-b1 and IL-12R-b2 (25, 27) . Basile et al. treated both mice and monkeys with systemic IL-12 24 h after lethal total body irradiation (TBI) and demonstrated enhanced survival compared to untreated controls (21) . In these experiments, IL-12 appeared to preserve radiosensitive organs such as the gastrointestinal and hematopoietic systems. Additionally, Chen et al. and Neta et al. demonstrated radioprotective and stimulatory effects of systemic IL-12 on bone marrow after irradiation (22, 23) . These reports highlight the promising radioprotective properties of IL-12, although the effects of this cytokine on cutaneous radiation injury were not addressed in these reports.
In the current study, we developed a murine model that recapitulates extensive, but potentially survivable exposure to ionizing radiation, which would most likely include a total body dose of gamma irradiation followed by superficial cutaneous beta irradiation as a result of fallout. To model this scenario, mice were subjected to sublethal 6 Gy TBI (Cs137) and beta-radiation burns (b-burns) (Sr-90) of 40 Gy to the skin. This dose causes moist desquamation, which is a condition that resembles radiation exposure from fallout (28) . We show that radiation exposure resulted in significant impairment of vital skin parameters suggesting a breakdown in both the physical and immunological skin barriers, and most notably, that intradermal (i.d.) administration of IL-12 after radiation exposure reversed many of the damaging effects on the skin. The data presented here suggest that in addition to the hematopoietic and gastrointestinal systems, the cutaneous system may also benefit from IL-12 therapy after radiation exposure.
MATERIALS AND METHODS

Mice and Irradiation
The University of Rochester's Committee on Animal Resources approved all animal use protocols. C57BL6/hairless mice are used in this study. These immunocompetent mice lack hair, which allows for optimal skin studies (20, 29, 30) , but are similar to C57BL/6 mice in all other tested parameters. C57BL6/hairless mice were exposed to 6 Gy TBI using a 3200 Curie sealed 137 Cs source that operates at 1.90 Gy/min. Mice were placed into a Plexiglast box designed to prevent vertical movement away from the radiological source atop a collimator designed specifically for TBI. The source and collimators are calibrated periodically to test for uniform distribution of radiation. Immediately after TBI, three 40 Gy b-burns (on both ears and one on the back) were performed on anesthetized mice using a 7.5 mm diameter circular strontium-90 applicator, which delivers 25.21 Gy/ min at the skin surface. This dose results in a visible wound 5-7 days (raised red swelling) after irradiation (characterized by focal edema and erythema, followed by crusting then an atrophic scar). This combined radiation injury in these mice did not result in lethality.
IL-12
Mouse recombinant IL-12 (PeproTecht Inc., Rocky Hill, NJ) was reconstituted in sterile PBS/1% BSA (Sigma-Aldricht, St. Louis, MO). All dilutions were performed in PBS/1% BSA. Mice were initially exposed to TBI and b-burns as described above and 48 h later each b-burn site was treated with a single intradermal (i.d.) injection of 100 ng rIL-12 (total of 300 ng). Vehicle control consisted of PBS/1% BSA.
Blood Analyses
Whole blood was collected at the time of sacrifice by drawing blood from the descending aorta into a 1 cc heparinized syringe with a 25 gauge needle (Fisher Scientific, Boston, MA). Blood was transferred to a K 2 EDTA collection tube (Fisher Scientific). HemaTruee Hematology Analyzer (Heska Inc., Loveland, CO) was used to collect complete blood cell counts (CBCs) from whole blood. Whole blood was spun down at 2,500 rpms for 5 min to collect plasma and stored at À808C. Plasma was analyzed for various cytokines and chemokines using a Mouse Cytokine Magnetic 20-plex Panel Luminext kit (Invitrogene, Carlsbad, CA) according to manufacturer's instructions.
Quantification of LC and iDC Density
Mice were exposed to TBI þ b-burns and treated with or without IL-12 as described above. At various time points, one ear was removed and split into dorsal and ventral halves. The epidermis was separated from dermal layers by floating each half in 0.5 M ammonium thiocyanate (Sigma-Aldrich) for 20 min at 378C followed by fixation/permeabilization in 2% paraformaldehyde (J.T. Bakert, Center Valley, PA) for 15 min at room temperature. The epidermis was stained for LCs by incubating tissue in 200 ll of PBS/1% BSA/ 0.1% azide (PBA) þ Fc block [anti-CD16/CD14 (BD Biosciences, San Jose, CA)] (10 lg/ml) þ anti-CD207-PE (eBioscience, San Diego, CA) (4 lg /ml) for 1.5 h gently rocking at 48C. The other ear was split into dorsal and ventral halves and each half was stained for iDCs by incubating tissue in 200 ll PBA þ Fc block (anti-CD16/ CD14) (10 ug/ml) þ anti-MHC II-allophycocyanin (eBioscience) (3 lg/ml) for 1.5 h gently rocking at 48C. Both the epidermis and dermal samples were washed once by rotating each tube in 3 ml of PBA for 30 min at 48C.
Conventional whole mount microscopy was performed as previously described (20) . Briefly, ear tissue was mounted on a slide along with 20 ll of PBA and cover slipped. Fluorescent images of fields of view devoid of debris or autofluorescent proteins were taken using a BX40 Olympus fluorescence microscope and a Retigae 1300 camera IL-12 MITIGATES CUTANEOUS RADIATION EXPOSURE (QImagingt, Surrey, BC, Canada). A minimum of 10 fields of view were acquired per ear. Control ear images (no irradiation or IL-12 administration) were taken in similar fashion.
Image analysis was performed on acquired images using ImageProt Plus software (MediaCyberneticst, Warrendale, PA) as previously described (20) . Briefly, the densities of positively labeled CD207 þ (LCs) and MHC class II þ (iDCs) were determined by creating a mask of the original image and applying area and intensity filters to specifically enumerate DCs only. Positively labeled cells were expressed as percentage positive in a known area. Densities were calculated and reported as cells/mm 2 for control and experimental samples.
Transepidermal Water Loss
At various time points after irradiation, b-burn sites on the back were measured for TEWL using a Tewametert (TM 210, Acaderm Inc., Menlo Park, CA). To obtain a measurement, the Tewameter probe was gently placed on the back b-burn of nonanesthetized mice for ;60 s.
b-Burn Area Measurements
Mice were exposed to TBI and b-burns as described above and the area of the b-burn on the back was measured by acquiring digital images using a Canont Powershot camera at a fixed distance above the mouse. A scale bar was included in each image and the area was calculated using Image-Pro Plus software. b-burns were scored daily for acute skin toxicity using a scale from 0.0-4.0 (with 0.5 increments) based on the following clinical score criteria (31, 32): 0.0 ¼ normal; 0.5 ¼ slight erythema; 1.0 ¼ definite erythema; 1.5 ¼ some dry desquamation and thickening; 2.0 ¼ dry desquamation and mild edema; 2.5 ¼ dry desquamation with early moist desquamation; 3.0 ¼ moderate moist desquamation (,50%); 3.5 ¼ moist desquamation (.50%) 6 necrosis; 4.0 ¼ ulceration, necrosis, loss of dermis.
Histology
Hematoxylin and eosin (H&E) staining was performed on formalinfixed, paraffin-embedded, sections of back skin (5 l thick) from the TBI þ b-burn site from untreated and IL-12-treated mice. All stained sections were imaged using 103 Plane F1/0.3 N.A. using a Nuancee Fx Multispectral camera (CRI, Perkin-Elmer, Waltham, MA) mounted on an Olympus BX40 microscope. Epidermal thickness and dermal cellularity densities were quantified using Nuance multispectral imaging, InForme pattern recognition and customized Image-Pro Plus 7.0 image processing.
Statistical Analysis
Results are presented as means 6 standard error from replicates listed in the figure legends. Significance (P , 0.05) was determined by GraphPad Prism using a one-way analysis of variance (ANOVA) followed by a Bonferroni or Tukey's post hoc test.
RESULTS
Development of a TBI þ b-Burn Model and Administration of IL-12
A catastrophic radiation event would likely result in total body exposure to gamma radiation along with potential cutaneous b-burns as a result of fallout (4) . To model this, we utilized hairless mice on the C57BL/6 background (80% C57BL/6; 20% SKH1) to facilitate our analysis and skin imaging without the complications of fur removal (30) . The mice were exposed to sublethal (6 Gy) TBI immediately followed by three 40 Gy b-burns (one on each ear and one on the upper back). This treatment did not result in mortality in any mice. We first assessed a well established systemic parameter to determine what effect this exposure would have on radiosensitive circulating immune cells. As anticipated, TBI þ b-burns resulted in a significant reduction of white blood cells (WBC) in blood, which reached a nadir on day 7 postirradiation and recovered to levels of the control mice by day 60 postirradiation (Fig. 1A) . This model is utilized throughout this article to assess the effects of cutaneous radiation exposure.
FIG. 1.
Analyses of blood after radiation exposure. C57BL6/ hairless mice were exposed to 6 Gy TBI followed by a total of three 40 Gy b-burns (1 on each ear; 1 on back). Half of the mice were treated with a single administration of three 100 ng injections of rIL-12 to each b-burn site (300 ng total/mouse) 48 h postirradiation. Control mice were left unirradiated. Panel A: Complete blood counts were performed on blood and white blood cell (WBC) number reported. The dotted rectangle represents the expected range of WBC number in normal unirradiated mice. Panel B: Plasma was isolated from the remainder of the blood and levels of CXCL9 protein to assess IL-12 bioactivity were determined by Luminex. **P , 0.001 and *P , 0.05 represent significance as determined by ANOVA followed by a Bonferroni post hoc test. n ¼ 4-6 for all groups at each time point.
We further developed this model to examine whether local administration of IL-12 could mitigate the deleterious effects of radiation exposure in skin. C57BL6/hairless mice were administered three i.d. 100 ng injections of IL-12 (one injection at each b-burn site) 48 h postirradiation. This dose of IL-12 did not have an effect on WBC levels in the blood in irradiated mice as assessed by complete blood counts (Fig. 1A) . To determine whether an i.d. injection of IL-12 had systemic effects, we monitored a biological mediator of IL-12 in plasma from mice isolated at various time points postirradiation. CXCL9, a downstream chemokine induced by IFNc, which is induced by IL-12 (26, 33) , was measured by Luminex. Although CXCL9 could be detected in plasma two days after IL-12 administration (i.e., day 4 postirradiation), levels were undetectable in plasma five days after injection (Fig. 1B) . Unirradiated controls, as well as TBI þ b-burns þ vehicle mice, had no significant induction of CXCL9 in plasma. These data demonstrate that a single administration of i.d. IL-12 (total dose ¼ 300 ng) had an initial detectable systemic biological activity, however these effects were not sustained.
IL-12 Improved the Cutaneous Physical Barrier after TBI þ b-Burn
To assess what effect TBI þ b-burns had on the integrity of the cutaneous physical barrier and whether IL-12 could mitigate skin injury, we examined two established parameters that monitor skin barrier function. First, since an important role of the skin is to maintain the cutaneous barrier to prevent abnormal water loss, we assessed TEWL from the epidermis into the atmosphere which has been shown to be increased by disruption of the physical integrity of the skin. Mice were exposed to TBI þ b-burns as described above and TEWL was measured using a Tewameter at the burn site on the back at various time points over 60 days. Radiation exposure resulted in increased TEWL levels, which peaked at day 11 postirradiation and gradually returned to control levels by day 30 ( Fig. 2A) . IL-12 administration on day 2 postirradiation significantly reduced TEWL levels during the time points when water loss was at the maximum ( Fig.  2A) .
Second, we employed a clinical scoring system (as described in the Materials and Methods section) to assess acute radiation skin toxicity after irradiation. TBI þ bburns alone resulted in higher acute skin toxicity scores, which again peaked at day 11 and returned to control levels by day 25 (Fig. 2B) . Unexpectedly, IL-12 administration significantly improved the clinical skin toxicity scores at early time points and resulted in a faster recovery time by day 21 (Fig. 2B ). These data demonstrate that a single administration of IL-12 on day 2 postirradiation reduced radiation damage to the cutaneous physical barrier as assessed by TEWL and acute clinical skin toxicity scores.
Intradermal IL-12 Accelerated Burn Healing after TBI þ bBurns
The fundamental ability of skin to heal from wounds and the length of time this process takes can be used to assess function. A 40 Gy b-burn on the back presented as a visible burn approximately day 7 postirradiation characterized by edema and erythema. We monitored the burn area to determine if IL-12 administration reduced burn size and improved healing over time. Figure 3A contains representative images of the TBI þ b-burns at day 11 postirradiation from mice without or with IL-12. A measurable burn was FIG. 2. IL-12 inhibits water loss and improves skin scores after TBI þ b-burns. C57BL6/hairless mice exposed to 6 Gy TBI followed by a total of three 40 Gy b-burns (1 on each ear; 1 on back). Half of the mice were treated with a single administration of three 100 ng injections of rIL-12 to each b-burn site (300 ng total/mouse) 48 h postirradiation. Panel A: TEWL was measured by placing a Tewameter probe on the back b-burn wound site at various time points over 60 days. Panel B: Skin scores for radiation toxicity were assessed as described in the Materials and Methods section. *P , 0.05 represents significance (between IL-12 and no IL-12 groups) as determined by ANOVA followed by a Bonferroni post hoc test. n ¼ 4-6 for all groups at each time point.
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observed postirradiation in the untreated TBI þ b-burn mice, which slowly healed over time until around day 18 postirradiation (Fig. 3B) . Although these wounds decreased in size, visible atrophic scarring was evident and persisted for months. In contrast, IL-12-treated mice had a significantly reduced initial burn size, which slowly decreased over time (Fig. 3B) . Furthermore, the majority of b-burns in IL-12 treated mice were not visible until day 8 postirradiation. Additionally, we examined the cellular response to IL-12 in the b-burn site by histology (Fig. 4A) . Although no differences in epidermal thickening were observed between IL-12-treated and untreated b-burns (data not shown), IL-12 did significantly reduce the dermal cellularity at day 7 and 14 postirradiation (Fig. 4A and B) . These data suggest that administration of IL-12 shortly after radiation exposure may minimize the initial tissue damage elicited by beta radiation by modulating the cutaneous microenvironment resulting in smaller, less damaging insults.
IL-12 Mitigates the Depletion of Cutaneous DCs Induced by TBI þ b-Burns
The skin is comprised of an immunological barrier made up of numerous immune cells, including Langerhans cells in the epidermis and interstitial dendritic cells in the dermis. To examine what effect radiation exposure had on these cells specifically and the immunological barrier as a whole, mice were exposed to TBI þ b-burns and ears were processed and imaged by fluorescence whole mount microscopy to determine the density of both LCs and iDCs as described in the Materials and Methods. Radiation exposure resulted in a decrease of both LCs and iDCs in the epidermis and dermis, respectively. LCs were maximally decreased on day 7 postirradiation and did not return to basal levels by day 60 postirradiation (Fig. 5A) . In contrast, the iDC density reached the lowest point by day 5 postirradiation, however these cells gradually returned to normal levels by day 60 postirradiation (Fig. 5B) . The combination of both TBI þ b-burns exacerbated the loss of LCs and iDCs when compared to TBI alone (20) . Interestingly, i.d. IL-12 administration on day 2 postirradiation resulted in a modest retention of LCs at early time points, but failed to sustain LC density at later time points (Fig. 5A) . However, IL-12 treatment did increase the iDC density at most time points when compared to animals not treated with the mitigator. Additionally, IL-12 maintained iDC density near unirradiated control levels and returned iDC numbers back to normal values by day 14 postirradiation compared to day 60 in animals not treated with the IL-12 mitigator (Fig. 5B) . These data demonstrated that IL-12 maintained cutaneous DC numbers (especially iDCs), which may contribute to the preservation of the immunological and physical barrier after radiation exposure.
DISCUSSION
The threat of harmful radiation exposure either by means of a device that disperses radiologic material (e.g., dirty bomb), or a catastrophic malfunction similar to the reactor meltdown at the Fukushima Daiichi Nuclear Power Plant has intensified efforts to identify agents that reduce the damaging effects of ionizing radiation on organ systems. IL-12 has been shown to be efficacious in alleviating the effects of ionizing radiation in the hematopoietic system, and at low doses, in the gastrointestinal tract (21, 22) . Here, we described the use of IL-12 to minimize damage and improve conditions in the skin after radiation exposure. Our model, mimicking a combined injury of TBI and b-burns, resulted in significant TEWL, burn injury and a decrease of cutaneous immune cells, all of which are risk factors that could significantly impair the host's ability to maintain critical skin homeostasis and eliminate invading cutaneous The area of the b-burn wound on the back was determined as described in the Materials and Methods section from day 7-20. *P , 0.05 represents significance (between IL-12 and no IL-12 groups) as determined by ANOVA followed by a Bonferroni post hoc test. n ¼ 4-6 for all groups at each time point.
pathogens (32) . IL-12 reduced TEWL and severity of bburns, suggesting an overall improvement of the physical barrier and repair function in the skin. Additionally, IL-12 prevented the radiation-induced depletion of cDCs, which are the immune sentinels of the skin that are an important component of the cutaneous immunological barrier. Overall, our studies highlight the use of IL-12 as a therapeutic mitigator against cutaneous radiation injury.
A catastrophic radiation event, such as detonation of an explosive radiologic device or nuclear power plant meltdown, is likely to cause initial confusion and panic, thereby delaying mobilization of medical personnel and first responders to afflicted individuals. This in turn would likely delay the administration of potential medical countermeasures for individuals exposed to radiation, which in a perfect scenario would be available to the affected population   FIG. 4 . IL-12 reduces dermal cellularity in the b-burn site. C57BL6/hairless mice were exposed to 6 Gy TBI followed by a total of three 40 Gy b-burns (1 on each ear; 1 on back). Half of the mice were treated with a single administration of three 100 ng injections of rIL-12 to each b-burn site (300 ng total/mouse) 48 h postirradiation. Panel A: Hematoxylin & eosin (H&E) staining of TBI þ b-burn skin at day 7 and 14 postirradiation with or without intradermal IL-12 administration. Black bar on images represents 75 microns. Panel B: Dermal cellular density was quantitated through imaging analysis of the H&E stained TBI þ b-burn skin as described in the Materials and Methods section. *P , 0.05 represents significance (between IL-12 and no IL-12 groups) as determined by ANOVA followed by a Tukey's post hoc test. n ¼ 4-6 for all groups at each time point.
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shortly after exposure (11) . However, it is more realistic to assume that these mitigators would not be available until at least 24-48 h after the emergency (3, 21) . In fact, a recent statement from the Centers for Medical Countermeasures against Radiation (CMCR) concerning potential mitigators of radiation-induced sickness has recommended that priority be given to ''products that show efficacy when administered 24 h or later after radiation exposure''. In this work, we administered a single dose of IL-12 48 h postirradiation and still were able to demonstrate a significant improvement in multiple parameters associated with skin homeostasis. Our initial goal was to specifically target the skin with an intradermal injection of IL-12, however, our Luminex data clearly demonstrated that this route of injection had detectable systemic effects as reflected by elevated CXCL9 levels in the blood on day 4 postirradiation (Fig. 1B) . Systemic levels of CXCL9 are undetectable at day 7 (five days post injection), although it is possible that IL-12 may still be having a local cutaneous effect at this time point. This pattern suggests that IL-12, although effective when administered as a single dose, may be even more efficacious if cytokine levels could be sustained. This could occur through multiple injections of IL-12, or possibly through the utilization of technology in the form of IL-12-encapsulated poly-lactic acid microspheres, which have the ability to provide a local and sustained release of a protein over time (34) (35) (36) . Further examination into different scheduling and dose schemes of IL-12 are warranted. Nevertheless, our data identify IL-12 as a promising treatment for the mitigation of radiation-induced cutaneous injury.
IL-12 is currently being tested in multiple clinical trials as a promising antitumor therapy (37) . Early trials utilizing IL-12 identified regimens that resulted in toxicity (38) (39) (40) (41) (42) . However, subsequent studies used refined dosing and delivery schedules to minimize safety concerns (37, (43) (44) (45) (46) . Interestingly, intravenous administration of IL-12 often resulted in a higher rate of toxicity (40) (41) (42) 47) . In contrast, nonsystemic routes such as intraperitoneal and especially subcutaneous injection were well tolerated (43) (44) (45) . In our study, an i.d. route of administration was chosen not only to target IL-12 to the skin, but also to minimize the safety concerns associated with systemic delivery. For example, systemic delivery of IL-12 occasionally resulted in neutropenia, lymphopenia and/or anemia (37, 41, 47) , however, as shown in Fig. 1A , i.d. IL-12 therapy did not exacerbate white or red blood cell (data not shown) counts. Additionally, no visible signs of toxicity (e.g., lethargy, GI distress, anorexia, etc.) were observed in animals that received IL-12.
The mode of action of IL-12 in minimizing radiationinduced cutaneous damage is still unknown. It may involve the crosstalk between cytokines and skin cells. Cytokines are biological mediators that facilitate communication between immune and nonimmune cells. CD4
þ T helper cells orchestrate a controlled release of specific cytokines that polarize the immune response to specific pathogens. For example CD4
þ T helper cells can be divided further into Th1 and Th2 promoting cells (48) . Th1 T cells promote cellmediated immunity through the secretion of cytokines such as IFNc and IL-12, whereas Th2 T cells induce potent antibody and allergy-like responses by the secretion of IL-4, IL-5 and IL-10 (48). Often, the cytokine milieu present within a tissue microenvironment will govern subsequent immune responses and pathophysiology (49) . Of importance, exposure to radiation promotes the release of cytokines in the skin as early as a few hours after the exposure (dose dependent) (49) . More importantly, exposure to radiation often results in a Th1/Th2 imbalance within most tissues, including skin, favoring a Th2-like microenvironment (32, (50) (51) (52) (53) . Th2-like responses in the skin have been implicated in the exacerbation of a number C57BL6/hairless mice exposed to 6 Gy TBI followed by a total of three 40 Gy b-burns (1 on each ear; 1 on back). Half of the mice were treated with a single administration of three 100 ng injections of rIL-12 to each b-burn site (300 ng total/mouse) 48 h postirradiation. Ears were removed and separated into epidermal and dermal sheets and stained for LCs using anti-CD205 or iDCs using anti-MHC class II. Density of LCs in epidermis (panel A), or iDCs in dermis (panel B) was determined by whole mount fluorescence microscopy as described in the Materials and Methods section. *P , 0.05 represents significance (between IL-12 and no IL-12 groups) as determined by ANOVA followed by a Bonferroni post hoc test. n ¼ (56) . Furthermore, ultraviolet (UV)-induced cutaneous immunosuppression, a condition that promotes infection and cancer formation, was mediated by the induction of Th2 cytokines, which interestingly, was reversed with IL-12 treatment (57) . Although Th2 responses have been shown to be beneficial in wound healing in a nonirradiated setting (58) , radiation exposure appears to set up a chronic condition where Th2 responses are undesirable and promote a rapid acceleration of impairments often associated with aged skin (50) . Studies have demonstrated that radiation exposure lowers systemic levels of Th1 cytokines including IL-12 (50, 51) , and some preliminary data from our laboratory suggest that basal levels of IL-12 mRNA are reduced after TBI þ b-burns in the skin (data not shown). IL-12 is a potent inducer of Th1-like responses and strikingly counteracts the formation of Th2 responses (25, 26) . Perhaps IL-12 administration in our model is skewing the cytokine milieu in the skin towards less of a Th2-like response or by restoring the balance between Th1 and Th2 responses in the cutaneous microenvironment after radiation exposure.
Exposure to radiation often culminates in apoptosis and cell death causing uncontrolled local inflammation and tissue damage. In our previous studies, a 6 Gy total body irradiation did not result in significant TUNEL þ cells in the skin (20) , however, the addition of the b-burns is likely to elicit more targeted damage to skin cells/cDCs resulting in increased cell death. Perhaps IL-12 is ''protecting'' skin cells from radiation-induced death. Schwartz et al. demonstrated that IL-12 minimized damage and thus retained LCs in the skin through an induction of nucleotide excision repair (NER) genes required to fix the cyclobutane pyrimidine dimers (CPD) caused by UVB radiation (not ionizing radiation) (59, 60) . In this model, IL-12 retention of LCs was abrogated in NER deficient mice. Although NER genes are more commonly associated with DNA repair resulting from UV damage, they are also induced by ionizing radiation to assist in repair (61) (62) (63) (64) . If IL-12 is directly acting on radiation-damaged cells in a radioprotectant fashion, this in turn could minimize apoptosis and necrotic cell death either directly on cDCs (thereby maintaining their cell density in the skin) or other skin cells, ultimately resulting in less tissue damage (as is evident in the reduced severity of b-burns in Fig. 3) .
As for our cDC data, we previously demonstrated that TBI alone (6 Gy) resulted in a migration of cDCs out of the skin to DLN, rather than induction of apoptosis (20) . More specifically, our findings indicated that a migratory phenotype was induced by TBI as chemokine CCL21 on lymphatics and its cognate receptor CCR7 on cDCs were upregulated within the cutaneous microenvironment, which appeared to facilitate cDC migration to the DLN in a doseand time-dependent manner. It is likely that the combined injury model described here also results in a similar mechanism that governs cDC migration out of the skin. Therefore, it is possible that IL-12 administration suppresses the expression of CCR7 or CCL21 causing cDCs to remain in the skin. A number of reports indirectly support this statement. For example, as mentioned above, many of the biological effects of IL-12 are mediated by IFNc (26, 33) . It was recently reported that IFNc diminished the expression of CCR7 mRNA in murine bone marrow-derived DCs despite the presence of a pro-migratory cytokine milieu (65) . Additionally, IFNc modulated human monocytederived DCs as expression of CCR7 was reduced and chemotaxis towards CCL21 was impaired (66) . We were able to detect IFNc in the plasma of naïve mice treated with 300 ng IL-12 i.d. at 6 and 24 h post injection, however, the amount of IFNc fell below levels of detection at 72 h (data not shown). Furthermore, the IL-12-induced retention of cDCs was not observed in IFNc -/-mice in a separate model where mice were treated with a 25 Gy local dose to the ear (24) . This dose also results in cDC migration to the DLN, and this migration is similarly reduced by IL-12 treatment in wild-type mice (24) . Overall, these results suggest that IFNc, a downstream mediator of IL-12, may be an important part of the radioprotective mechanism of action of IL-12.
Currently, the Food and Drug Administration has not approved any drugs to counteract the effects of acute radiation exposure. This is unfortunate especially in light of an ever-increasing risk of harmful radiation exposure to the mass public. IL-12 has been shown to be efficacious in protecting the bone marrow, gastro-intestinal tract and now, the skin against radiation-induced damage. Although more mechanistic studies are certainly required to ascertain the exact mode of action of this cytokine in response to ionizing radiation, our findings presented here argue for the further development of IL-12 as a potential countermeasure against harmful radiation exposure.
